To gain insight into the structural basis of DNA bending by adenine-thymine tracts (A-tracts) and their role in DNA recognition by gene-regulatory proteins, we have determined the crystal structure of the high-affinity DNA target of the cancer-associated human papillomavirus E2 protein. The three independent B-DNA molecules of the crystal structure determined at 2.2-Å resolution are examples of A-tract-containing helices where the global direction and magnitude of curvature are in accord with solution data, thereby providing insights, at the base pair level, into the mechanism of DNA bending by such sequence motifs. A comparative analysis of E2-DNA conformations with respect to other structural and biochemical studies demonstrates that (i) the A-tract structure of the core region, which is not contacted by the protein, is critical for the formation of the high-affinity sequence-specific protein-DNA complex, and (ii) differential binding affinity is regulated by the intrinsic structure and deformability encoded in the base sequence of the DNA target.
T
he relationship between DNA sequence, structure, and function has been studied and discussed extensively for the last 20 years. A particular effort has been directed toward the structural elucidation of short runs of four to six adeninethymine residues, known as A-tracts, in an attempt to reveal the structural basis of DNA curvature induced by such sequence motifs when they are inserted in phase with the helical periodicity (1, 2) . Despite numerous efforts, including x-ray crystallographic and solution studies, the structural basis of A-tractinduced bending has remained enigmatic (3). Because no single structure could explain the whole phenomenon, it was necessary to rely on models, several of which had been proposed (4) . They generally conform to the gel migration data, which suggest that the center of curvature is toward the minor groove of the A-tracts and toward the major groove of the intervening general sequences (5) . However, they differ substantially in the details of the stereochemical origin of curvature. This issue is of particular biological significance, as sequence-dependent DNA curvature or bending is an important determinant of DNA recognition by proteins (6) .
The E2 regulatory system of human papillomaviruses provides an example where sequence-specific binding of proteins to A-tracts is crucial to the organism's life cycle. The E2 proteins from all viral strains activate or repress transcription in a context-dependent manner and are required for the initiation of replication in vivo. Their function depends on sequence-specific binding to a highly conserved 12-bp sequence of the general form ACCGNNNNCGGT, where N4 is variable (7, 8) . However, the E2 binding sites in the human papillomavirus (HPV) genomes, including the cancer-related strains HPV-16 and HPV-18 (9) , exhibit a further level of specificity in the interaction with their cognate E2 proteins. This specificity is manifested by the identity of the central 4-bp region (e.g., AATT, AAAA͞TTTT), which is of the kind known to induce DNA curvature in solution (1, 10) , and by the corresponding binding affinities (11) (12) (13) (14) (15) . Unlike HPV, in other papillomaviruses such as the well-studied bovine papillomavirus type 1 (BPV-1), the central region is highly variable (16) .
The DNA-binding domains of several E2 proteins and their complexes with DNA have been studied in terms of their structure and DNA-binding affinity (13, 14, 17) . It was found that the DNA is largely deformed by the protein and that high-affinity and low-affinity DNA-protein complexes exhibit similar DNA conformations and protein-DNA contacts (14, 17) . Hence, the structural basis for sequence-specific recognition and differential DNA binding affinity in this system should be sought in the structural alterations between free and protein-bound DNA targets.
Here we present the crystal structure of the high-affinity E2-DNA target of human papillomaviruses, ACCGAAT-TCGGT, determined at 2.2-Å resolution. We show that the three independent B-DNA molecules of the crystal structure are intrinsically bent in the free state in a direction that positions the minor groove of the A-tract region at the concave side of the helix, as required for the E2-DNA complex and in agreement with solution studies of A-tract-containing DNA. The implications of these findings for A-tract-dependent DNA bending and its role in sequence-specific protein-DNA interactions are discussed.
Materials and Methods
DNA Preparation and Crystallization. The DNA dodecamer AC-CGAATTCGGT was synthesized and purified by a described procedure (18) . Crystals of ACCGAATTCGGT were grown at 19°C from 5-l hanging drops containing 2 mg͞ml DNA, 76 mM MgCl 2 , 1 mM spermine⅐4HCl, 20 mM Na cacodylate buffer (pH 7.0), and 15% (wt͞vol) 2-methyl-2,4-pentanediol equilibrated against a reservoir of 37% (wt͞vol) 2-methyl-2,4-pentanediol in 20 mM Na cacodylate buffer (pH 7.0). Crystals appeared after several days but diffracted poorly and were highly mosaic; however, occasionally the crystals dissolved over a period of several months and recrystallized with a similar morphology and an average size of 0.1 ϫ 0.1 ϫ 0.2 mm . These crystals belong to space group P1 with three duplexes in the unit cell and diffract to a resolution of 2.2 Å.
anode generator (FRC model), with Ni-filtered CuK␣ radiation focused by Yale-type mirrors. Data were processed with DENZO-SCALEPACK (19) . Crystal data and intensity statistics are given in Table 1 .
The structure was determined by the molecular Fourier transform method as implemented in the program MFT (20) , combined with a modified version of ULTIMA (21) , with the use of a search model based on standard B-DNA fiber coordinates (22). The search parameters and resolution range used here were similar to that used for another triclinic dodecamer (18, 20) .
The structure was subjected to a rigid-body refinement by X-PLOR, Version 3.1 (23) , and the duplexes were divided into groups as described for other DNA structures (18) . The highresolution data (beyond 3 Å) suffered from significant anisotropy, and therefore the refinement was continued with SHELXL-97, with the use of the options of individual atom refinement, together with HOPE (for anisotropic scaling) and SWAT (to model the solvent as a diffuse continuum) (24) . The observed structure factors were corrected for the anisotropy in the data and were used for further refinement by X-PLOR. This refinement used cycles of simulated annealing followed by energy minimization and restrained individual temperature-factor refinement, with bulk solvent correction and overall anisotropic temperature factor optimization. DNA geometrical parameters from Parkinson et al. (25) were used. The refinement cycles were alternated with examination of the electron density maps for manual correction of the model and location of ordered solvent molecules by O (26) . Solvent molecules were accepted if they had an acceptable geometry of contact with the DNA or other solvent molecules. The refinement results are in Table 1 .
Results and Discussions
Intrinsically Bent DNA Molecules. The crystal structure of the E2-dodecamer represents a packing arrangement of B-DNA dodecamers with three independent molecules (see Materials and Methods). The interduplex contacts are head-to-tail base pair stacking and backbone͞major-groove interactions that are commonly found in B-DNA crystals (27) . The three duplexes of ACCGAATTCGGT are illustrated in Fig. 1 . The rms pairwise differences among the three molecules range from 0.5 to 0.7 Å, including all atoms, reflecting their high similarity. This similarity is not induced by crystal packing interactions, as the three molecules are embedded in different crystalline environments and are ''loosely'' packed in a manner similar to that of the E2 binding sites with non-A-tract core regions (18) .
All three molecules have a global curvature whose center points toward the minor groove of the A-tract and toward the major groove of the flanking regions. The angles between the end base pairs of the central decamers in the three molecules are 8°, 10°, and 9°, respectively. The angles between the end base pairs of the dodecamers are close to 0°, presumably to optimize end-to-end stacking interactions in the crystal. Similar bend angles (8°, 11°, 8°) were obtained by fitting global curved axes with CURVES (28) . Both the A-tract and the non-A-tract regions contribute to the global curvature, as discussed below.
All helices are slightly underwound compared with standard B-DNA, with an average helical periodicity of 10.3 bp, as also observed in the other E2 binding sites (18) . The groove dimensions of the three helices deviate significantly from canonical B-DNA (22) and from the E2 binding sites with generalsequence core regions (18) . In particular, the present three helices have a very narrow minor groove at the A-tract region with gradual widening toward the helical ends. Narrowing of the minor groove of the A͞T-rich zone is associated with large propeller twisting of the base pairs (av. Ϫ16°at the center compared with Ϫ7°at the flanking base pairs). These features are common to all A-tracts studied (3).
The specific conformational features of the central base pair region (CGAATTCG) of the present helices are common to all other DNA oligomers containing the same sequence. Crystal structures of this sequence incorporated in 9-to 12-bp duplexes and crystallized under a variety of conditions and in the presence Values in parentheses refer to the upper resolution shell (2.24 -2.20 Å). *Number of observed reflections after correcting for anisotropic scaling (see text). † R-factor ϭ ⌺͉FO Ϫ ͉FCʈ͉͞FO͉. R-free was calculated with 5% of the data excluded from the refinement. ) were determined at high resolution (29) (30) (31) (32) (33) (34) (35) , and several of them were isomorphous to the Dickerson-Drew dodecamer (36) . The superpositioning of such structures with the present one is shown in Fig. 2 . The rms differences between the central octamers of the current molecules and those of the others range from 0.9 to 1.2 Å when all of the atoms are examined and from 0.4 to 0.8Å when only base atoms are used. These findings demonstrate that the conformation of the double-helical octamer CGAATTCG observed in the crystal structures is an intrinsic property of the particular base sequence. Local conformational alterations as a result of environmental effects are confined mainly to the flexible sugar-phosphate backbone. The global bend directed toward the A-tract minor groove in the present E2 helices is also apparent in all of the other structures. It should be noted, however, that in most of the reported AATT structures, the minor-groove bend at the central region is masked by another bend induced by crystal packing interactions. As a result, the overall curvature in these molecules is asymmetric and 90°away from the direction found in solution studies as discussed (10) . Fig. 3 . These helices clearly demonstrate that curvature is achieved by both bending toward the minor groove at the A-tract sequences and toward the major groove at the intervening G͞C-rich sequences. The magnitude of curvature in each of the three helices is close to 10°per decameric repeat and partitioned evenly along the double helix. This value compares well with data obtained from solution studies on similar sequence motifs (10) . Analysis of the helical parameters at the base Thirty-base pair-long helices of CCGAATTCGG͞CCGAATTCG-G͞CCGAATTCGG based on the central 10 base pairs of each molecule of ACCGAATTCGGT. The geometry of the G͞C junction was obtained by best molecular fitting, where the first two base pairs of each dodecameric duplex were fitted onto the last two base pairs of an identical duplex. The base pairs at the G͞C junctions are nearly parallel to each other, and hence the overall curvature is determined by the decameric helices. The global helix axis was derived with the program CURVES (28) . The top view is perpendicular to the dyad through the central A-T base pair step. The bottom view is along the central dyad. The color code is as in Fig. 1. pair level shows that the major contribution to the global curvature comes from negative roll angles (closing the base pairs toward the minor groove) in the A-tract region and positive roll angles (closing toward the major groove) in the intervening segments (Fig. 4A) . The roll angles are positively correlated with the corresponding slide values that measure the relative translation of the base pairs along their long axes (Fig. 4B) .
The concerted variations in the relative position of the base pairs lead to bending into the minor groove at the A-tract region and into the major groove at the flanking G͞C sequences. As a result of this geometry and the helix twist, the A⅐T and G⅐C base pairs are inclined to the global helix axis in opposite directions with respect to their long dimension, as shown by the corresponding inclination angles of Fig. 4C and illustrated in Fig. 5 . An abrupt change in inclination of the base pairs would impair the base-stacking geometry of the concerned base pairs. To minimize such unfavorable effects, the change in the direction of inclination is accompanied by ''buckling'' of the base pairs at the junctions. Instead of being coplanar, the base pairs are buckled; that is, the two bases are tilted toward each other by 10-20°about the short axis of the base pair. Whereas base pair buckling does not appear to significantly affect the Watson-Crick hydrogen bond energy, it allows for continuous partial base pair stacking interactions (involving only one of the bases of a pair) between the A-tract base pairs and the non-A-tract base pairs (Fig. 5) . The buckle angles change from positive values at one junction of the helix to negative ones at the other junction, as expected for a nearly symmetric conformation (Fig. 4D) . Buckling of the base pairs is characteristic of all of the other CGAATTCGcontaining oligomers (from 9 to 12 base pairs) shown in Fig. 2 and therefore represents an intrinsic feature of the base sequence. Buckle-mediated bending is also shown by the proteinbound E2-DNA targets (14) and appears to be a common determinant of DNA bending by proteins (e.g., 39, 40).
Homo-oligomeric A-tracts (e.g., An͞Tn, n ϭ 4-6), embedded in a G͞C-rich environment and repeated in phase with the helical periodicity, were shown to induce larger curvature in solution than their symmetric counterparts (3, 10) . The mechanism of A-tract-dependent bending is likely to be different in such nonsymmetric sequences. Other AT-rich motifs such as ATAT and TTAA do not confer curvature on the DNA helix, a phenomenon that has been attributed to the conformational polymorphism of such sequences because of the dynamical nature of the T-A sites (10) .
DNA Recognition by the E2 Proteins and the Structural Basis of
Differential Binding Affinity. Based on the high-resolution structural data on the E2-DNA target ACCGACGTCGGT, in its free state and in its complex with the DNA binding domain of the BPV-1 E2 protein (referred to as BPV-E2) (17, 18) , we have shown that the conformational features of the conserved regions (ACCG͞CGGT) contacted directly by the BPV-E2 protein are only slightly modified by the protein, whereas a considerable deformation is imposed on the noncontacted core region (ACGT). This finding led to the conclusion that the inherent structure of the conserved regions, as well as the deformability (deformation at low energy cost) of the nonconserved core region, is critical for the recognition process. Such conformational features are encoded in the base sequence and constitute a structural code for its recognition by the protein (18) .
The recent structural and biochemical data on the DNAbinding domains of the E2 proteins from BPV and HPV complexed with different DNA targets have shown as in the BPV-E2 system, in the HPV-E2 complex the DNA is bent toward the dimeric protein by the interaction of a pair of symmetrically disposed ␣-helices with the two conserved ACC͞GGT sites in symmetrically related regions of the major groove, whereas the central region facing the protein from the minor-groove side has (37) . Inclination angles (C) were calculated with respect to the fitted curved axis by CURVES (28) . See definitions in the text and in ref. 38 . As shown by Lu and Olson (38) , the values of certain local parameters are sensitive to the choice of reference frame but are only slightly affected by the algorithm used. FREEHELIX, which employs the consensus reference frame, was chosen here to allow direct comparisons with related DNA structures (14, 18) . no contacts with the protein (14) . The crystal structures have also shown that high-affinity and low-affinity targets of HPV-E2 (represented by ACCGAATTCGGT and ACCGACGTCGGT, referred to as AATT and ACGT), which differ in the identity of the central noncontacted region, exhibit very similar proteinbound conformations (14) . The combined structural and biochemical data on the different E2-DNA targets in their free state and in complexes with the BPV-E2 and HPV-E2 proteins further substantiate the predominance of the DNA structural code in sequence-specific recognition and provide insights into the structural basis of DNA recognition and differential binding affinity as discussed below.
Inspection of the structures of the high-affinity HPV-E2 target of the present study, ACCGAATTCGGT, and that reported for a 16-mer DNA target incorporating the same central dodecamer complexed to the DNA binding domain of the HPV-18 E2 protein (14) shows that many features of the free DNA target are preserved in the protein-bound conformation. These include the unusually narrow minor groove of the A-tract core and the direction of curvature where the A-tract region bends toward the minor groove and the flanking regions toward the major groove. The predisposition of the free DNA target to adoption of a conformation compatible with the one required to form the complex is critical to its high affinity for the HPV-E2 protein.
The global curvature of the free DNA is further enhanced in the protein-DNA complex to optimize the interactions between the dimeric protein and the two symmetrically disposed conserved sites. This enhancement is achieved by the cumulative effect of small changes in the relative orientation of the base pairs. As a result, the minor groove is narrower at the A-tract zone and wider at the flanking regions with respect to the free DNA (Fig. 6) .
The binding affinities of the AATT and other A-tractcontaining targets for the BPV-E2 protein are one to two orders of magnitude less than that for the HPV-E2 proteins, whereas the affinities of the ACGT target and other non-A-tract-binding sites for the two proteins are comparable (13, 14) . This observation can be rationalized on the basis of the deformations induced in the two DNA targets on interaction with the two proteins. Whereas the conformations of different DNA targets bound to the same protein are highly similar, significant conformational differences are observed for the same DNA target between the two different proteins BPV-E2 and HPV-E2 (14) , as also indicated by solution studies (11, 12, 15) . The most prominent conformational change is in the dimensions of the central minor groove, where the corresponding groove widths are smaller than 3 Å and greater than 4 Å for the HPV-and BPV-DNA complexes, respectively (14) , as illustrated in Fig. 6 . The minor-groove width of the free AATT target at the core region is midway between those of the two bound conformations. However, unlike the HPV-E2͞AATT complex, where DNA bending into the minor groove is associated with an expected compression of the groove relative to that of the free DNA, the bending of AATT in the BPV-E2 complex is associated with a significant widening of the central minor groove compared with its free form, which is opposed to the natural tendency of the double helix. This widening of the groove would lead to a considerable loss in the enthalpic contribution to the stability of the BPV-E2͞AATT complex compared with its HPV-E2 counterpart. Such observations explain why the HPV-E2 protein shows a preference for A-tract core regions that have unusually narrow minor grooves, whereas the BPV-E2 protein does not show such a tendency (16) .
The conformational changes induced by the two different proteins in the conserved sequences (ACCG͞CGGT) that are contacted by the proteins are small and similar for the two DNA targets AATT and ACGT, emphasizing the role of the intrinsic structure of these regions in the specificity of interaction in the E2 system. In contrast, the distortions imposed by the two proteins on the central noncontacted region of the ACGT target are much larger compared with that for the AATT target, Minor-groove width plots of the free and protein-bound DNA targets, ACCGAATTCGGT and ACCGACGTCGGT (referred to as AATT and ACGT). All values (Å) were end-to-end averaged, following the symmetry of the base sequence. The values of free-AATT represent an average of the three molecules of the present study. The values of HPV-AATT were derived from the coordinates of the HPV-E2͞AATT complex (14) . The values of free-ACGT and BPV-ACGT were derived from the coordinates of the corresponding highresolution structures (18, 17) . Because the conformations of the AATT and ACGT DNA targets bound to the same protein are similar to each other (14) , only one set of values is shown for each type of protein-DNA complex. The groove width is defined as the shortest P-P distance across the groove less 5.8 Å (the sum of the van der Waals radii of the two phosphate groups). The numbering of the P atoms is 2 to 12 and 14 to 24 (5Ј to 3Ј direction) for the two strands, respectively.
particularly for the HPV-E2 complex, where the change is from a wide minor groove (wider than 7 Å) in the free state to an extremely narrow minor groove (narrower than 3 Å) in the bound state (Fig. 6) . The binding affinities of the ACGT target for the two proteins are similar (13, 14) , because of the deformable nature of the noncontacted core region as discussed (18) . However, the binding affinity of the ACGT target for the HPV-E2 protein is two orders of magnitude less than that of the AATT target (14) , suggesting that in this system the energetic advantage rendered by deformability of the noncontacted DNA region of the former is much lesser than that obtained by an intrinsically compatible A-tract conformation of the same region in the latter. Hence, differential binding affinity in the E2 system appears to be determined to a large extent by the energy required to deform different DNA targets from their free conformations to the protein-bound conformations, a finding that may be relevant to other systems as well. For example, the intrinsic structure and deformability of the 434 bacteriophage operator sites are likely to play a similar role in differential binding affinity observed in their complexes with the corresponding repressor and Cro proteins (refs. 41 and 42 and references therein).
Summary and Conclusions
In the present study, the crystal structure of the high-affinity DNA target of the E2 protein from HPV is analyzed and compared with several related DNA structures. The comparative analysis demonstrates that unique conformational features, such as an unusually narrow minor groove at the A-tract region and an overall curvature formed by minor-groove compression of the A-tract region and major-groove compression of the flanking G ϩ C-rich segments, are inherent to the specific base sequence.
The direction and magnitude of curvature are in agreement with solution studies. The detailed conformational analysis at the base-pair level shows that global curvature is brought about mainly by correlated variations in the roll angles between the base pairs in all helical regions and in the buckling of the base pairs at the junctions between the A-tract and non-A-tract segments.
Comparisons between the structure of the A-tract-containing E2 dodecamer and those of other E2-DNA targets, both in the free state and in their complexes with proteins, demonstrate that the intrinsic structure of the conserved regions that are in direct contact with the protein is critical for sequence-specific protein-DNA interactions in all E2 systems. The high specificity of interaction observed in the HPV E2 system is achieved by the intrinsic A-tract structure of the core region, which is not contacted by the protein. Differential binding affinity in the E2 system is finely tuned by the intrinsic structure and deformability encoded in the base sequence of the DNA target. Such studies provide a basis for concepts of structural codes for DNA recognition by proteins as well as structural insights into the relationship between structure and function in protein-DNA interactions.
